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SECTION I
INTRODUCTI ON

One of the primary conside ration s in the s imulation of an isolated

synchronous generator is tha t the system model be compa table with

loading networks of many different  varietie s and yet tha t the introduction

of changes in generator parameters or loading network be simply

implemented. A fur ther  considera tion is that machine parameters be

easily identifiable in ter ms of the results of physical measurements.

That these considerations are in conflict is recognizable by the fact that

cur rent s tanda r d mach ine prac t ices gi ve r i se  to measurement s tha t

normally identif y parameters in direct-quadra ture configuration , while

the physical machine outputs are in the three phase configuration. For

many loading network con dit ion s, a spatia l transformation such as

Parks or Blondel transforma tion can be applied to th e loads suc h that

loads compatable with the di rect-quadrature  model are obtained. How-

ever , the introduction of various nonlinear load devices , such as

rect i f iers , dicta tes that both the machine representation and the load

nc~twork representation be in a norma l three phase formulation. An

addit ional  consideration suggesting compliance with three phase

representa tion is the d i f f icul ty  in inclusion of nonlinear effect8 , such

as sa tu ra t ion , into the t r ans fo rm? d  model.

This study is  an in vestiga t i on of t he r equired formulat ion of

a synchronous machine t ime descr i ption such that  properties previously

discussed are incorporated into that  formulat ion and such tha t  the
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computa tion be time eff ic ient .  Also addressed in this  stud y is the

inclusion of an effective saturation property into the Sceptre formulation

such tha t a more realistic, a more accura te  nonlinear machine model is

produced.
SECTION II

LINEARIZED MACHINE REPRESEN TATION

The electrical schematic of a three phase machine and its c ircui t

equivalent is shown in fi gure 1. 1. The equations of motion for this

representation are

v(t ) = 
f ( L i( t )  ) + R i ( t )  1. 1

where 1(t) = 
[ 

i~~(t)~ ib (t ) ,  i~~(t ) ,  i f ( t ) ,  i d ( t ) ,  iq (t )  I

The orde r of this system with resist ive loading is considered

to be of sixth order. The only additiona l increase in system order

necessary could be throug h inclusion of equivalent field driver

circuitry,  the possibility of which is included into the result ing simu-

lation. The i d(t) , i q (t)  currents  represent equivalent d i rec t  and

quadrature damper currents which if flowing through their  represen-

tative c i rcu i t s  would produce the effects  of the machine damper

st ructure  or amortisseur windings and other circulating rotor  currents.

Under steady state operating conditions , the damper cur ren ts  are

zero. However , with the introduction of a load disturbance the

resul tant  a i r  gap flux field moves relative to the dampe r winding s ,

resulting in a da mp ing effect  on the e lectr ical  t rans ients  introduced

into the machine windings.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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The equivalent resistance in each c i r cu i t  is r ep resen ted  by

the s ix  by six diagonal m a t r i x ,

R = diag 
L Ra, R b, R~ , R f,  Rkd , R kq 1.2

The v( t) vector is

v( t )  = [v a ( t ) ,  Vb ( t ) ,  v~~( t ) ,  v1(t), 0 , 0 1.3

The phase voltages va ( t ) ,  Vb ( t ) ,  and v~~( t )  a re  voltages which resul t

f rori  the  i n t e r a c t i on  of the load network being driven and the generator.

v f ( t )  is the field voltage supply and for the simp les t model is ass umed

to be a source wi th  hi gh in t e rna l impedance ope ra t i ng  a t  cons tan t

current conditions.

L is a rotor posit ton varient inductive matrix, the accepted

st andard form of which is given in equation 1. 4. If the angular

mechanical frequency of the machine is considered to be a constant

Lao -c La2 cos Zjj t Mso  + LaZ cos (Z~~t - Zrr / 3)
Mso + La2 cos ~2 j t  - 2rr/3) Lao + La2 cos (2~~t - Z r r / 3 )L Mso + La2 cos (~~jj t + Zr r / 3 )  Mso + La2 cos
Maf cos ~ t Maf cos (wt - Zrr /3 )
Ma f cos ‘j~t Maf cos (wt - Zrr /3 )

- 
- Maq sin a t  - Maq sin (wt  - 2rr/ 3)

Mso + La2 c o s  (2 jj t + 2rr/3) Maf cos ~~Mso + La2 cos 2~~t Maf cos (wt - Zii/ 3)
Lao + La2 cos (2 i~t - 2i- r/3) Maf cos (ut  + 2n/ 3)  1. 4
Maf cos (ci t + 2r r / 3 )  Lff
Maf cos ( j t  + 2r /3) M fk d

- Maq sin (wt + ~r r / 3 )  0

Maf  cos i t  -Maq sin T( a
Maf  cos (~~t - ~r / 3)  -Maq sin ( T I  - 2~~/3) b
Maf cos ( t t  + 2rr/3 ) -Maq sin ( u t  + ~~T f 3) c
M fkd 0 1
Lkkd 0 kd

0 Lkkq kq

~ 

~~~~~~~~~~~~~~~ — .- - --— .- -.-— . ..—.-~-.—
.—-- -. .--,
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t he  mach ine  equat ions can be r e w r i t t e n  in the  f o r m

c l i ( t )  .

L —
~

i:-— + L i t t )  + R l i t )  v ( t )  1.5

whe re

a b c

-2TLa 2 sin 2~~t -2 .uLa .~ sin (~~~i~ - 2 ”/ 3 )  - .~wLa 2 sin (2 ul + ~~ / 3 )
_ 2 a L a Z sin (Z .u t - ~-~/ 3) -~~ t La2 sin t.~~t i  4 ~~-~/ 3 )  -2’i~La~ sin Z~~t

L = -2 wLa~ sin (2wt  + 2i~/3) -~~~ uLa~ sin ~~u 1 -2 1’ La 2 sin ( Z u t  -

- isMaf s in ~jt - cuMal sin (w t  - ~ T T/ 3t  -wMaf sin (wt + 2r!/3)

—~uM af sin ~t - ~Maf  sin ( u t  - .~r / 3 )  - j~M a f  s in (ut + 2~~/3)

-TMaq cos ~t _
~~Maq cos l i t  - ~ ‘/3)  -~~Maq cos (TI + Z~~/3)

f ci q

- u Maf sin u t -~~Maf sin ~t -wMaq cos Tt

— cuMaf sin ( Tt  — 2r r /3 )  — TIVIai s in (Ti - .~~ / 3) -~~Maq cos (~ut - ~~ /3) 1. ’
- i M i f  sin (j i  + 2r~/3 )  -~~M a f  s in  ( j t  + .~r~/ 3 )  -~~Maq cos ( u t  + .~r /  31

O 0 0
O 0 0
o 0 0

Th i s  a s s u m p t i o n  of co n s t a n t  f re q u e n c y  is on 1~ p a r t i a l l y valid for

most  a i r b o r n  aux i l i a ry  powe r u n i t s  - I t . s  r e laxa t ion  in the r e s u l t i n g

s i m u l a t i o n  model does not produc e t r a u m a t i c  changes  in fo rmula t ion .

If the p r i m e  mover model is ava i lab le  the  t o r que  equ a t ion  mus t  be used

along with the voltage equation b e c iu s e  the  rotor  p osi t ion  becomes a

nonper iod ic  f u n c t i o n  of t im e .  However , in g e n e ra l , t h e  synchronou s

gene ra tor has very  l i t t l e  v~t r iat i on  in f re q u e ncy  cur  seve re load

v a r i a t i o n s  and the t o r q u e  equa t i ons  ~r e  not inc lu de d  in t h i s  model.

—

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.~~~~~~~~~~~ . _ _ ~~~. ___.
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The resulting system of equations can be interpreted by examina tion

of the first phase equation which takes the form

dia dib
[L ao + La2 cos 2wt + [M 50 + La~ 

cos (2wt - 217/3 )

~~ dic dif
÷ LM 50 + LaZ cos (2~~t + Z i i/ 3 )  ~~~ + Ma f cos (Ut

+ M a d cos (U t + M~~ sin wt - ( Z w L aZ sin Zwt) 
~a

- Z W L aZ sin (Zw t  - 2 17/3) ‘b - 2W LaZ sin (Zwt + Zii/ 3) i

- Maf (U Sm wt i
~ 

M ad (U Sin wt ‘d - Maq W COS (Ut

+ Ra ‘a = va (t)  1.7

The equivalent c i r c u i t  is thus seen to consis t  of self induc tance with

coupling rnutuals p lus a sequenc e of dependent sources which are

function s of other cu r ren t s  inside the machine. In addi tion , there

ex is t s  te rms including the winding res is tance and a time variable

res is tance in the phase loop. If all c i rcu i t s  are  t reated in the fore-

going dependent voltage source manne r the general  c i rcui t  of fi gure

1. 2 is produced. Fur thermore, the form of most  of the dependent

sources i s  such tha t they are representable in Sceptre in a simp le

equa tion funct ion.  A Sceptre program for this  port ion of the

gene ra to r  model is l isted in Appendix A.

-- --  -, - ~ -_- --- ~~~~~~ -.-- - -  ~~~~~~~~~~~~~~~~~~~~~
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SECTION I I I

MACH INE PARAMETERS IN DI RECT PHASE FORMULATION

In genera l, machine parameters are obtained experimentally

in qua n t i t i e s  d i rec t ly relatable to DQO va r iables. For the purpose of

completeness , the following t ransformation properties from DQO to

di rect  parameters  is presented.

Cons ider the machine equations in DQO formulation as give n

in [1].

v(t)  = R i ( t )  + ~ X (t )  + ~~t) , X (t)  = L i ( t )  1.8

where

VD

V
Q 

LQ

V
0 

j
O x O

V = I =
VF 1F

‘KD X KD

O _ ‘KQ X KQ

0 0 L DF L KDD 0 
-

O L QQ 0 0 0 L KQQ

O o L0 o a
L DF 0 0 L FF L

~~DF ~

0 0 L KDF L
~~~KI 0

0 L KQQ 0 0 0

-

~~~~~~~~~~~~~~~~~~~
_ _ _ _ _ _  —.



R diag [R D, RQ. RO, RF, RKD, RKQ

and ~~ij 0 for all i~~ except ‘~12 ~~~~~~~~~~~ 
= - The di rect phase

variable s a r e  rela ted to th is  set of DQO axis variables by the trans-

formations

~ abc = B ’ ~~~~~~ V
b 

= B ’ v DQO 1.9

where a suita ble B-’ is give n by

~~~ ~ t - s i.n wt i//2

B ’ = /2 /3 cos (~ t - Zn/3 )  - sin ~ t - 2 1 7/ 3  l// 2 1. 10

cos (~~t + Zrr /3)  - sin (~~t + 2 17/3) 1//2

Transforming equation 1. 8 to direct  phase quantities via 1. 9 gives

~abc
B yabc = B. B ‘abc + ~~~ 

L B ‘abc + L B iabc + L B dt 
1. 11

or Vabc B 1 R B i abc + [B ’ ~~L B + B ’ L B ] i abc +

1.12
1 &~abc

B L B  dt

Comparison of equations 1.12 and 1.5 indicate that

Labc = B ’ L QO B

— 1
Rabc B R DQQ B

As all possible resistance measurements  are normally made in direct

phase form , no transformation is necessary. However , inductance

calculation from synchronou s and t rans ient  reactanceS is normally in

terms of and matr ix  e nt r i e s  of equation 1.4 are  related to

entr ies  as follows:

-9-



Lao = 1/3 [L DD + LQQ + L Q]

LaZ = 1/3 [L DD + LQQ ]
= 1/6 [L DD + ‘-QQ I

Lkkd LKDKD

Lkkq L~~QKQ

Lff = L FF

Mad = Maf = LFD

Maq = LKQQ

Mfkd = LKDF

Of course, the per unit denorma~ization must first be accounted

for to acquire direct  phase parame ters which represent  the physical

machine and reproduce the proper level voltage and current  va r iables.

SECTION IV
LINEAR MACHINE SIMULAT I ON

The parame ter set in [1] was used to simulate a machine in the

Sceptre format.  The parameters  were unnormalized to give the

physical  phase voltages and cur ren ts  under no rmal operating conditions.

The mode l and parameter s of Program in Appendix A were run in

various loa d and switched load conditions.  Fi gures 1. 3 and 1. 4 show

the current  and voltage wa veforms on the A phase as the open c i rcu i t

machine has a . 5A loa d placed on the A phase. Figures  1. 5 and 1.6

show the resul t  on the A phase variable as the machine has a 3 phase

line to n e u t r a l  . 5.n. load app lied on phases  B and C. These

_ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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computational va lues can be cont ras ted  with the experimenta l results

obtained from lab tests  on a simila r 60 KVA machine at  WPA FB. (Same

mode l , but d i f ferent  mach ine . )  These resul t s  are shown in fi gure 1.7.

The open c i rcui t  machine has a 2 phase line to neutra l  loa d of approxi-

mately . 5.ra. app lied onphases B and C. The final va lues which the

machine voltage and currents  approach are approximately equa l for

model and machine , however , the time constant in arr iving at  the final

va lues is slightl y d i f fe ren t .

This indicates that field coupling and res i s t ive  values are

approximately correct , however , damper c i r cu i t  va lues are such tha t

the ir action is too dominant on the machine response.

It is instructive to compare the simula tion time for this machine

in the Sceptre forma t with resul ts  ut i l iz ing different  numerical

techniques for the time solution of d i f ferent ia l  equation s. For problems

involving app lication of t rans ien t  load networks, the most severe

accuracy requirements occur immediately following the transient , thus

f igure  1. 4 represents a typical loading situation. The total CPU time

on an IBM 370 Computer for problem solution excluding Sceptre set- up

time for this examp le was . 22 minute s or 13 seconds. Typical open

c i rcu i t  to short  c ircu i t  computation time including s t a r t  up t rans ient

from zero init ial  condi t ions is of the order of 2 to 4 seconds/cycle

for this linea r model.
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SECTION V
SIMU LA T i ON OF GENERATO R SATURAfl ON CON I) ITIONS

The terms in the machine equation 1.1 involving the time

deriva tive of the product L i ( t )  in genera l cannot be separa ted into the

form of equation 1. 5. This condition ar ises  in saturation because the

inductance elements of the L matr ix are function s of both time and

current .  1-lowever , it is us ual practice to invoke a separat ion

pri nci ple in the ana lysis of a sa tura ted synchronous generator .

This separation princip le [2] is based upon the ope ration of

considering the der ivat ive  ~~ ~~~~ t) i ( t )  as the sum
d 

-

L(i , t) ~r i( t )  + L(i , t)  i ( t ) .  Under  th i s  assumption it  can be seen that

a pa r t i a l de r iva t ive  of t he for m *!:~
. .~~~~!) has been excluded. The

j u s t i f i c a t i o n  of t his saturat ion princi ple in the past  has been based upon

agreement between predicted and measured results .

The approach ut i l ized in this s imula tion is to calculate an

equivalent flux with a linear combination of the currents  of the windings.

The combination of currents for flux calculations is taken to be
T

X SAT = LA i(t )  1.13

where

M af COS ~)t ‘a

Maf COS (wt - ZrT / 3)

Maf COS (wt + 2rT/3) I C
L A i( t ) =

Lff i f

M FKD

- I ~

- -~~ ta----— -



It is seen that the flux calculation is such that the linea r combination

of currents produces a rotating magnetic field colinear with the magnet ic

field produced by the field winding . The inductance values are  modified

as a function of the calculated flux and a saturation curve for the machine.

A saturation curve for a 60 KVA auxiliary power unit  is shown in

figure 1. 8. This curve is obtained through plotting open circui t  phase

voltage measurements versus field current when ~rotating at synchronous

speed. The zero power factor curve will be used in this model because

of the absence of definable power factor conditions under t ransient

conditions. If the satura tion curve is i.nverted and normalized such

than an equivalent coup ling between field and phase is computed for all

values along the sa turation curve, the result  shown in f igure 1. 9 is

obtained. Thus the inclusion of the saturation condition is equivalent

to modifying the machine induc tances by a r at io determine d by the

calculated flux as give n in equation 1. 3 and fi gure 1. 9.

The mechanics of including this effect  into the machine model

is greatly simplified under the dependent source equation forma t

utilized in the preceding model. A table lookup with the saturation

curves versus calculated flux is used to determine the reduction factor

for the inductance values. A circuit  containing dummy dependent

sources which calculate the flux leve l and linkage for the equivalent

physical or ienta t ion  of the phases and field windings is introduced.

The source value for the physical al ignment of each coil with the

resulting field is used as the independent variable in the table lookup.

-16-
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The resulting multiplicative factor is used to ad jus t  the machine induct ive

parame ters via the inductance descr iptive equation. The program for

this  confi guration is shown in A ppendix B.

SECTION VI
SATLIRATED MODEL RESULTS

The base parameter set from the previous linear model was

used in this simulation. The open circuit voltage waveforms and phase

voltages and currents under lO~ resistive loads produced waveshapes

which were equivalent to the linearized model. However , the results

under transient loading conditions produced waveshapes with high 3rd

harmonic content. A typical result is shown in figures 1.10 and 1.11. In

this case the load on A phase is switched from 10~~ to . 0l~~. The

t ransi to ry region displays the same genera l damping charac te r i s t i c

which is seen in the linear model. The steady s tate  voltage waveform

under high current (>100 amps/phase) shows the cha racteristic

rounding ef fec t  on the simusoidal peaks a t t r ibu ted  to ‘p erat ion  in

sa turation.

SECTION VI

CONCLUS IONS

The results  of a specific model forma t for s imulation of a

synchronous machine have been presented in this repor t. This forr. ’I.l t

sa t i s f ies  the direct phase representa t ion  necessary  for the  inclusion oi

nonlinea r loading networks and for the insert ion of machine  nonlinear-

i t ies .  A method of insert ion of the sa turat ion e f fe c t  into the machine

- 1 8-
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model has been demonstra ted to y ield rea l i s t i c  resu l t s .  The compu-

ta tiona l time of both linea r and nonlinear representation is such that

this Sceptre format is competitive with per/cycle computation times

reporte d in the l i te ra ture .  The waveform resul ts , with the parame ters

used in this simulation , indicate  tha t the damp ing c h a r a c t e r i s t i c s  are

extremely short lived when compared to the experimental resu l t s  of a

s imi la r a .p .u .  This suggests  that damp ing c i rcu i t  equivalents  mi ght

be bet ter  descr ibed through simply matching the waveform damp ing

character is t ics  immediately ~~llowing application of a load t ransient .
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_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

SC EDTP~ SVS T ~~M INPUT —— 4/ 72  V EPSION —— S /3 f - ’ —— OS ~ELC~~SE 20.1

CIRCUIT  C~~S C R ! P T I O N
E1EM~~P4T S
J l , 44— C ’ = 10 .)

~BL ,  72—~~=T l
RCL, 73—0=’ I
RA ,1—1l=PRP
RB, 2—l 2=~~~°
R C , 3~~I. 3 = P R P

~ 33, 13—2 3= EQUA T ION 3 (— 1 . , PLA 2 , — 2 .C 94 4~P 2 2 , 12—2 2= ~~ UAT !ON 3 (—j . , PLA 2 , 2 .094 4 )
P 1 1 , 1 1— 2 1=  E~~tJA ’ !ON 3 (— l . , P L A 2, 0 .(~
R F ,4— 14 =O PF
Pfl ,5_j 5=P0I~

El2,21~~3l=C QUATI CM 3 (1L22,PIA2, —2.1D944)

~ 1 3 , 3 l — 4 l = E Q U r T ! O N  3 ( ! L33 ,P1A2 ,2 .0944 )
F14, 4 1 — 5 1 = E Q UA T I C N  4 (1144 ,PM A F ,O.C )
E15, E1_6 1= FQU~~T ION 4 ( 1L55 ,P MA D ,O .0 )
E16,6i—~~l= ~ c~Ut.”1ON ~ ( IL66 , Pr~4Q, O.C)
~2l.22—32= EQUA TION 3 (ILI1,PLA2 ,—2.0944)
E2 3 , 3 2 — 6 2 =  ~~ UA T ION 3 (!133, PLA 2 , O . (

~)

~24, 62— ~~2= E~~UA T II’M 4 ( 1L 44 , P M A F ,— 2.0944 )
E 2 5 ,52— ’,2= E Q U A T Z f l 5’J 4 ( I 1 5 5 , P M A D , _ 2 . r ) 944 )
C2 6 3 6 2 .7 2 =  EQUATION ~ ( 1L66 ,PMA O, — 2.0944 )
l:3l,23 3~ EQUA T IO N 3 4I1l1,PIA2 ,2 .0944)

~ 32 ,33— ~~3= ~Qt JATIO N 3 (T L2 2 , P 1A 2 , ’~.’J)
p 34 ,4 3— 53= EQ UATI O N 4 (1144 ,PMAF ,2.09441
E 3 5 , 5 3— E ~3= F~) LJAT ION 4 (I1c5,PMAD,2. 0944)
E36,63~~73= ~ QUA T V ~N 5 ( IL6 6 , P~~A Q ,2 . 0 9 44 )
E41,14— 24 = EQ UAT ION 4 ( IL I 1 ,PMAF,0 .0)
Cc1,15..~~~~ ~ CUA T IO’.~ 4 (I1l1,PMAD, ’~.f l )

E4 2 ,24 — 34=  EQ U A T I O N  4 (1122,PMAF,—2.0944)

~5 2 , 2 5 — 3~~= ~ C UA T I0 N 4 ( 1122 ,P MA D, — 2 . 0 944 1

~ 53,3~ — O = EQUA T I rN  4 ( 1133,PMI’C,2.O°44)
E4 3 ,34— 44 = ~QUAT If l N 4 ( !133 , PMAF ,2.09441
E61, l6—2~~= ~ Qt A T 1 f l N  S IIL1l, PMAC,O.0)
E6 2 ,2 ~~— 36 = EQUATION 5 ( 1122 ,P MA Q, — 2 .0944 $

~6 3 ,36 — O  = E Q UA T I O N  5 (1L33, PMA Q,2.O°44)
L11 ,C—l= ~QUAT !ON 1 (PLAC. P1A2,I~.0)
122,0—2= FQUAT !ON 1 (PL*O, PLA2,2.C’944)
133,”~—3= EQUATION 1 (PLAO , P1A2,—2.O964~
t44 ,r~~4=
155 , C—S FL K K 0

I’45 ,1 4 4—L55 = P ~’F KC
P~12,111—L22= .F Q t J A T T C N  1 (P M S O, PLA2 , — 2 .0°44)
‘~13,L 1l—L3 3= ECIJAT IO N I ~PMS0 ,P1A2 ,2 .0944 )
f r l 5 , L 1 1 — L 5 5 =  EC U A T I O N  9 ( 1.O,P MA D, 0 .e)
M14,Ll l- 146= E~~UA T If l N  Q ( l .C ,PMA F ,0.O )

W 23 ,12 ?—1 3 3 =  FQL,AT I rN  1 (P MS C , P LA 2 , O . f l )

M24,L22~~L44= ECUAT IU N 9 ( 1.O, PM A F , — 2 .~~Q44 )
M25 , 122—15~~= ~~~~~~~~~ 9 ( 1.0, PM AD, — 2 . fl°44 )
M34,133— 144 = C CUA T I PN 9 ( 1 .0 ,PMAF,2.0Q46 )

~‘35 ,L33— 15S= EQ UATION 9 ( l.C,PMA D.2 .C944 )
fr16 ,111—166= F C L S A T T O N  P (— l . 0, PMAQ .0.0)
M26 ,122—1 ’56= FQ UA T I C N  P (— l . O , P MA Q , — 2 . Q Q 4 4 )
W3f ~.L33— 166= ~ C UA T ICN P ( — l . O , P M A Q , .2.fl944~
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OEF !NCr PA°~~~~ T FPS

PPO = ,~~ 7 1.1

P~~P = ,” 45 7

PLAr ~=.1~~n44?

PLfc = .r~~ -

PLKK’)- . ~)‘-~
D LKK C ~~~~~~~~
~~~~~~~ .OC”2’ 1
QM FKr) .O~”R

OMA r .. 5 r0( ’ )A)

Pw=~~~1 2.

E Q UA T T C ~ I I A ,P ,CI =
~ f 4 , ~~,c) = (2 .~~A * P* PW * DS I N(2 . * PW * T IM E.C) I

CQ UAT !O 5 1 4 ~~~~~~~~ = ( A * B * P W * D S T N ( P W * T I P 4 E I.C) J
~ QU ~~TIr~ s ( A , B , C ~ = (A * B* PW * 0 0 0 S ( P w* T I 5 ! E 4 C ) )
EC~U~~T IO~’ ‘ ( A , P ,C)  = (

P ( A , t3 , C~ = ( A * B* D S I N ( P W * T T M E + C ) )
FQU.~’ICN 9 (A , T~ , C)  = ( A ’~B * D C f l S ( P w * T I M E + C ) )
T I

O UT PUT S
• V O A L  ,VPI3I, ILII * IL€-4, P I CT

• ~‘IN CON T Q O LS
! N T r G Q A Y ! O N  R O U T T N F = I M P I T C I T
5T Q O ‘I~~~ =~ .C2
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— SCEPTRE SYSTEM INPUT —— 4/72 VERSION —— S/T~ O —— flS R FLFA SE 20.2

C i R C U I T  D E S C R i P T I O N
ELEMENT S
ES1,0—A =FSAT (IL1I,1L22, 1133,1144, 1155,0.0,TIMF )
1S2,B—C=FSAII 1111 ,IL22,1L33,1L44,1155,—2.0944,TIM~)ES3,A-.B=FSAT(IL1I,1122,1L33,1L44,1155,,2.0044,TTMr )
ES4,c—o =FSATULI1,1122,1133,1144,I155,i.o,TTMc)
RDFL,O—C.=1000.
Jl,44—0 10.0
RAL ,71— 0=T2
RBL ,72—0=10.
RCL ,73— 0=10.
RA , 1—11 =PRP
RB,2—12=PRP
RC,3—13=PRP
RI1,I1—21 = EQUATION 3 ~—1.,PLA2,0.0,TA8LE I fF5 1 ))
R22,12—22= EQUATION 3 (—1., PLA2 ,2.0944,TA~iLF 1 IFS?))
R33,13—23= FOLIATION 3 I—I. ,PLA2 ,—2.0944,TABL F I (~~$i))
RF ,4— 14 PRF
RD,S—15=PRO
RO,6—16=PRO
E12,21—31=E QUATION 3 11L22 ,PIA2,—2.0944,TA’ILF 1 IFri ))
E13 ,31— 41=EQUAT 1ON 3 11L33 ,PIA2,2.0944,TABIF I IFS? ))
EI4,41—5I EQUAT ION 4 11144 ,PMAF ,O.O,TABLF I IFS1))
E1S,S1— 61= EQUATiON ~ 4J155,PMAD, O.0,TARLE I lESt ))
E16,61—71 EQUAT ION 5$ (1L66,PMAQ,O.0 ,TAB LE ~ IF~~t))
121,22—32 = EQUATION 3 (IL11,PLA2 , —2.0944 ,TA’51F 1 lFS~~) )
123,32—42 = EOUAT II ’N 3 ( 1L33 ,P 1A~~,o.o ,TA qLF I IFS?) )
124,42—52= EQUATION 4 (1L44 ,PMAF , —2.0944,TA~ LF 1 I FS7 ))
125,5 2—62 = EQUATION 4 (ILSS, PMAD ,—2.0944,TARLF I f~~S?))
131,23— 33= EQUATION 3 UL11,PLA2,2 .0944,iA RL F I (FS31)
126,62—72= EQUATION S (1166,PMAQ, —2.0944,TARLF 1 fFS~ ))
132,33—43= EQUATION 3 11122 ,PLA2 ,0 .O ,TABL F I fF53 ))
134,43—53 = EQUATION 4 (1L44 ,PMAF,2.0944 ,TABIF 1 IFS~~) )
135,53— 63= EQUATION 4 (I155, PMAD,2.O944,TA~ 1~ I I~~~~))
136,63—73= EQUATION S (1166 ,PMAQ,2 .0944,TAPIF I
E41,14—24= EQUATION 4 (IL 11,PMAF ,0.O,TABLF I IFS4))
142,24—34= FOLIATION 4 (1122 ,PMAF, —2 .0944 ,TAPLF 1 fF54))

~43,34—44 EQUATION 4 11L33 ,PMAF ,2 .0944,TAB IF 1 (~~~4))
.63,36—0 = EQUATION S (1133,PMAO,2.0944 ,TA BLF I fF51 ))
162,26—36= EQUATION 5 (IL22 ,PMAQ, —2.0944,TA~ LF 1 (ES? ))
161,16—26= EQUATION S (IL1L,PMAQ,0.O ,TABLc I l~~S1))
153,35—0 = EQUATION 4 (1133,PMAD ,2.0944,TARL F I fF5 4))
152,25— 35= EQUATION 4 11122,PMAD, —2.0944,TABIF 1 (~~S4))
151,15— 25= EQUATION 4 (IL11 , PMAD, 0 .0,TARLF I IFS 4))
144,0—4= EQUATION 6 (PLFE,TAS LE 1 (1S4))
155,0—5 = EQUATION 6 (PLKKD ,TABIF 1 (FS4)1
L66,0—6 =PLKKQ
M45,L44 —155 EQUA IION 6 tPMF ~ O,1AB1E I (ES4))
133,0—3 = EQUATION I IPLAO ,PLA2 , —2.0944,TABIF 1 ( r$ 3) )
122,0—2 = EQUAT ION 1 (PLA0, PLA2 ,2.O944,TA~ LF I IFS’ ))
111,0—1 = EQUATION 1 (PLAO ,PLA2,0 .0,IABLE 1 IFS? ))
M16,L1I—L 66= F OLIATION P l— 1,0,PMAQ,0 ,0,TABL F I fF51 ))
NI5 ,L II—L 55 EQUATION 9 1.0,PMAIi ,0.0,TAQLr I (~~$4fl
M 14,Lj1—L44= EQUAT ION 9 I 1.fl ,PMAF,0.0,TABLE I ( R c A) )
M1 3 ,L1I—L3 3= E QUATION I IPMSO ,PLA2,2.0944,TAPLF 1 (ES?))

• M23 ,L22—L33s E QIJAT1OPI 1 lPM50 ,PLA2 ,O.O,TA ~ 1F I IFS? ))
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M25,L22-.155z E QUATION 9 I 1.O,PMA D, — 2.O944, TA PL~ I IFS4))
M26,L22 -{66= EQUATION ~ E~~1.O,PMAQ ,_~ .0944,TAP1r I (FS~~))
M35,t.33 —LSS= EQUATION 9 I I.0,PMAD,2 .0944,TABL~ 1 fF54))
M36,L33—166= EQUATION 8 I~ I.0,PMAO ,,2.0q44,?ap 1r I (r53))
N12,L11—t.22z E QUATION 1 IPMSO ,PLA2,_2.0944,TA ,l.r 1 fF 511 )
P24,122-1.44= EQUATION 9 I 1.O,PMAF, —2.O944,TA~ LF I fF54))
M34,L33-•4.~44= EQUATION 9 I 1.0,PMAF,2.0944,TA !L r I f~~$4))
DEFINED PARAM ET E RS
PRQ~ .077P
PRD= .0778
PRP= .04 57
PR F .  0e05
PLA0~ .000447PLA2z .00009
PLFF= .085
PL IUcD=.00018
PLI(KQ=.C,005I5
PMSO=— . 000221
PMFKD= . (078
PMAFx— .tO6(8
PMAOZ—. 0004
PMA Dz— . 00060
PWz2512.
FUNCT IONS
EQUATION 9 IA .R ,C,D ) = (I A*P*DCOS I Pw*TIMF.C))*flt
EOUAT ION 8 (A,~~,C,D) = (I A*B*DSIN(PWSTIME ,C))*fl)
EQUAT ION 7 IA,B,C,D) = (I 2.*A*B*flSIN (2 .tPW*~~IME.CtI*Dl
EQUATION 6 (A ,8) = IA*B)
EQUAT ION 5 (A ,B,C,O) = I (A*M*PW *OCUS (PW*TIMF .C))*fl)
EQUATION 4 (A,8,C,D) = I(A*t3.Pw*DS1N(Pw*TI50E,f))*f.)
EQUATION 3 (A,B,C,D) =
EQUATION I (A,B ,C,D) = I(A.B*DCOS (2.*PW*TINC.C)l~ rl)
TABLE I
0.O,1.O,I.0,1.O,1.5,, R ,2.O, .7,2.5$ ,.S4 ,3.O,,44 ,4. fl ,.~ A ,’5.O,.3
12
0.0,10.0,0.OOQ,10.0,0.0091 ,0.Ol ,0.02,O.0i
OUTPUTS
IL11,VR BL ,VRCL ,ILS5,1166,PLuT
RUN CONTROLS
INTFC ,RATION RQUTINE~~I’4PL1CIT
STOP TI ME =0.0!
MiNIMUM STEP SIZE ‘ 1.01—1 1

• END
INDICES FOR STATE VARIABLE DERIVAT IVE NAMES

1 0155
2 0166
3 0133
4 0122
S 0111
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IV C. LEVE L 20.1 FSAT DATE = 76195 12/41/46

DOU ’)LE PRECISION FUNCTIf ~N FSAT (AL ,BL,CL,DL,FL,FL,T IME )
IMP L IC IT REA1*8 (A_ J,L~~M ,~ _ 7 ),7NTCGFR*4IK,N)

PW= 2512.
PMAF =— .00608
P IFF = .085

P~ fK1 ’ .0078
FLUX= PMAF*AL* DC USIPW *T IMF).~~P4AF*BL*DCOS ( PW$TI ME_2 .0944),PPAF.Cts

* DCCSIPW*T IME+2 .O944) ,PLF~~*flL+DMFS(O*FL
FSA T=f l A BS (bCOSI PW *T J MF—F1 )*~~1UX )
IF (FL. FQ.1.0) FSAT= OA RS( F LUX )
F~ E TI) RN
h N (

27
I, . ~ . (~TVF 1**NT pgi,i1w ~)rr c~ 1q77 — ~ • , _ n~-I ~~~ 

~~~~~~~~~~ • 


